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The properties of NiFe,O4 magnetic nanoparticles (MNPs) synthesized by the hydrothermal method, as well as
the dependence of the properties on the functionalization (coating) of the particles with citric or polyacrylic acids
by the coprecipitation method are studied. The properties of the obtained MNPs are studied by X-ray diffractometry
(XRD). The magnetic properties of the samples and the phase state of the MNPs are studied using the physical
property measurement system (PPMS) and Moéssbauer spectroscopy. It is found that when NiFe;O4 MNPs are
functionalized, citric or polyacrylic acids cover individual particles with shells, which reduces segregation and
interaction of MNPs with each other, as a result of which the nanoparticles acquire superparamagnetic properties,
which is extremely necessary for the latest technique of magnetic powder visualization of human organ diseases.
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1. Introduction

This publication further develops the works focused
on creation and investigation of magnetic nanoparticles
(MNP) [1-6] for applications in a new unique and powerful
magnetic-particle imaging (MPI) method used for diagnosis
of diseases. The idea and fundamentals for the development
of MPV technology as a tomographic radiation-free high-
sensitivity imaging method were first described in 2001 [7].
The first scanner for direct tomographic MPV in vivo
imaging with high resolution of spatial distribution of
superparamagnetic MNP (SPMNP) is described in [8]. The
first MPI demonstration with quick visualization in a wide
field of view was carried out in 2010 [9]. There is currently
a number of reviews addressing MPI [10,11].

MPI-specific in vivo MNP or tracers with the following
fundamental properties serve as a source of imaging signal
for the MNP scanner: (1) residual magnetization of MNP
shall disappear after disabling of the external excitation
magnetic field; (2) MNP magnetization curve shall be
nonlinear; (3) MNP shall have magnetic saturation to
distinguish the MNP signal from the excitation field signal;
(4) the employed MNP shall be in a superparamagnetic
state [12-16]. However, spatial resolution and sensitivity of
MPI also depend on the MNP properties such as diameter,
magnetic moment and magnetization curve slope of a parti-
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cle [1-6,15-20]. Thus, formation of MNP with desired prop-
erties is a vital task for magnetic particle imaging of organs.

However, MNP must not be introduced into a living body
because human body fluids (blood, etc.) biochemically eas-
ily recognize viruses, bacteria, etc., as well as foreign matter,
which are later passivated by the immune system. Moreover,
MNP are often toxic and biologically incompatible. To avoid
such negative effects, MNP are coated with biologically
compatible material and introduced into a living body in the
form of a magnetic suspension consisting of MNP dispersed
in liquid. This poses new requirements for biomedical MNP
such as stability, high colloidality, absence of agglomeration,
etc. As a consequence, core-shell MNP occurred, in
which the core consisted of MNP with high magnetic
properties and the shell consisted of biologically compatible
materials: polyethyleneglycol, polyethyleneimine, dextran,
biologically compatible iron oxides, citric acid, polyacrylic
acid, graphene oxide, chitosan, etc. [1-6,15-21]. Shells
might be made of various materials and serve not only for
environmental protection of the particle and agglomeration
prevention in a similar way to organic or inorganic material

coatings. Surface modification — is MNP coating with
chemical groups or molecules such as hydroxyl or carboxyl
groups. Surface functionalization — is MNP surface

coating with biological molecules. These methods improve
MNP stability, but require control of magnetic property
variations due to the presence of a shell.
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Thus, the objective of this work was to develop
a technology of fabricating NiFe,O4 MNP and further
coating of MNP with polyacrylic (NiFe;O4@PAA) and
citric (NiFe;O4@CA) acids and optimization of MNP
properties for utilization in MPIL Spinel NiFe,O4 was
chosen because they are non-toxic and this attracts the
attention of researchers due to the opportunity of biomedical
applications [1,21-27].

Polyacrylic acid (PAA) was chosen due to its high
biocompatibility, solubility in water and greater amount of
polyacrylic acid groups for formation of chelates with mixed
cations. PAA coating prevents MNP agglomeration and
renders hydrophilic properties to particle surfaces. High
density of reactive functional groups in PAA makes it
attractive for biomedical applications [1,28-30].

Citric acid (CA) is a biologically active substance that
exerts a number of positive effects on the body, for example,
antibacterial effect, immune stimulation, anticarcinogenic
and cleaning (removes toxins) effects, and normalizes the
endocrine system [3,31,32]. CA is chemisorbed on iron
oxide MNP forming a carboxylate group with Fe—OH
groups on the particle surface, leaving negatively charged
carboxyl groups, to which drugs may be bonded for target
delivery into the body. The novelty of this study is in
obtaining data about the effect of polyacrylic or citric acid
coating on magnetic properties of NiFe,O4 MNP.

2. Experimental methods

2.1. Materials

Materials for synthesizing NiFe,O4 MNP, ie.
FGCIZ . 4H20, FeCl3 . 6H20, NlClz and NH4OH
(25% ammonia) were made by Sigma Aldrich with 99%
purity, without additional purification. Citric acid (CA)
monohydrate and polyacrylic acid (PAA), Sigma Aldrich,
were used for coating the synthesized NiFe,O4 MNP.

2.2. NiFe;04 MNP synthesis and polyacrylic
acid coating

Among the known methods of synthesizing NiFe;O4
MNP (co-deposition, microwave combustion, sol-gel self-
ignition, etc.), hydrothermal method was used to perform
controlled particle synthesis with desired magnetic prop-
erties. However, this method needs correction to limit
the growth at the stage of quasi spherical high-crystallinity
particles by controlled size and shape [1,13,33].

NiFe,O4nanoparticles were synthesized by the hydrother-
mal technique. For this, 6 mmol of FeCl; - 6H,O and
3 mmol of NiCl, were dissolved in 40 ml of distilled water.
The obtained mixture was stirred using a mechanical stirrer
at a rate of 500 revs/min at room temperature during 2 min
in nitrogen, and then stirred again during 3min after
addition of 5.5ml 25% NH4OH solution in water to the
mixture. The solution was placed in an autoclave with PTFE
seal and held at 250°C for 12hours. Then, the autoclave
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was cooled down to room temperature in air. Extracted
sediment was washed three times in distilled water and
separated in a strong permanent magnet field. The prepared
particles were dried in furnace at 65°C.

The surface of NiFe,0O4 particles was coated with poly-
acrylic (or citric) acid using the co-deposition technique.
For this, a solution was prepared from 50ml of deionized
water and 3 mmol of polyacrylic (or citric) acid and the
synthesized NiFe;O4 MNP were added to this solution. The
mixture was stirred in an ultrasonic bath at 65°C. Then 1 ml
of NH4OH solution in water was added dropwise and stirred
mechanically during 30min in nitrogen flow to prepare
core-shell MNP. Nitrogen flow was stabilized in tis process
to protect against environmental factors and agglomeration
effect. The MNP were washed with distilled water and then
dried in a furnace at 60°C during 2 h.

2.3. Research methods

Various techniques were used to study the properties
of synthesized MNP. Thus, X-ray diffraction patterns were
made using the Rigaku Dmax 2200 diffractometer with
A =0.154nm Cu-K, radiation (at 40kW and 35mA) in
the diffraction angle range from 10 to 90° (26) in 0.02°
scanning steps. To confirm that there are functional
groups of PAA and CA (coatings) on the NiFe,O4 MNP
surface, Fourier transform infrared spectra were recorded
using the Perkin Elmer L160000R FTIR spectrometer
with a multipurpose total internal reflection module [1].
Magnetic parameters of the synthesized MNP (saturation
magnetization (Ms), coercive field (H¢) and residual mag-
netization (M, )) were measured using the Quantum Design
Model 6000 system.

Magnetic properties and phase state of the synthesized
MNP were studied by Mossbauer spectroscopy that can
unambiguously identify iron-containing phases in samples
(which is unattainable by other methods), because this
technique is highly sensitive to hyperfine nuclear interac-
tions [33-37], Mdssbauer spectra (MS) of the synthesized
MNP were recorded with detection of gamma-ray from
Co”7(Rh) source with sample transmission configuration.
Velocity scale was calibrated using 6 mkm a-Fe foil at room
temperature. Experimental MS were processed mathemat-
ically using a specialized program [38], which describes
the spectral lines by the Lorentz-shape peaks using the
least-square method. The program [38] was also used to
recover the distribution probabilities of effective magnetic
fields (He) from the experimental MS. A discrepancy
between the model representations of the recorded MS and
experimental data is determined by statistic deviations. In
the procedure for minimizing the functional y2, the program
searches for optimum widths, intensities and spectral line
positions. Using the spectral line positions on the velocity
scale, the program calculates ultrafine interaction (UFI)
parameters: IS — isomeric shift of Mossbauer lines, QS —
quadrupole splitting, Her — effective magnetic field.
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Figure 1. X-ray diffraction patterns of MNP (a) — NiFe;Os,
(b) — NiFe;04@CA and (c¢) — NiFe,04@PAA.
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3. Experimental data and analysis

3.1. X-ray diffraction examination results

Experimental X-ray diffraction patterns (XRD) of the
synthesized NiFe;O4 MNP without and with polyacrylic
and citric acid coating are shown in Figure 1. The shown
X-ray images for each sample contain typical peaks (220),
(311), (400), (422), (511) and (400) at 20 of 30.4°, 35.7°,
38.0°, 43.5°, 54.1°, 57.5° and 63.1°, respectively, related to
the crystalline phase of cubic nickel spinel with the lattice
constant a = 8.4 & 0.1 A, which agrees well with the litera-
ture data (card JCPDS Ne 89—1012, a = 8.433A) [39-42).
Note that the diffraction lines of the examined particles
are broadened compared with the macrocrystal lines, which
confirms the nanoscale dimensionality of crystallites in the
examined powders. For coated samples, a decrease in
diffraction line intensities and widths is observed. Mean
crystallite sizes D (nm) were calculated using maximum
intensity line (311) from reflection plane (311) using the
Debye—Scherrer equation (see [43] and references therein):

B cKols 0’ (1)
here, 1 is the Cu-K, (1.5418 A) X-ray radiation wavelength,
K is the Scherrer constant (0.89), S is the full width at
half maximum of diffraction line intensity, and 6 is the
line angle. Calculated D (nm) for NiFe,04, NiFe,O4@CA,
NiFe,O4@PAA MNP were 10.0nm, 11.6nm and 12.9 nm,
respectively, which differed a little from those calculated
in [1]. NiFe;04 MNP sizes increase with increasing coating
material density.

Such parameters as lattice constant (@), dislocation
density (8) and specific surface area (S) of the examined
MNP were calculated using the equations given in [1] and
similar results were obtained. In the uncoated NiFe,O4
sample, large clusters are formed due to strong interactions,
and act as single particles. Therefore, the lattice parameter

Table 1. MNP sizes, lattice constants and structural parameters
of NiFe,O4 MNP depending on the type of coating

Sample D a P 8 S
p (nm) | (nm) | (g/em?) | (10" m~2) | (10* m2/g)
NiFe,0s | 100 | 843 | 5.5 10.12 1175
NiFe;0,@CA | 116 | 837 | 525 6.77 9.20
NiFe;0,@PAA | 129 | 828 | 5.35 6.37 9.10

of uncoatedNiFe,O4 MNP is larger than that of coated
particles.

3.2. Mossbauer spectrometry of NiFe;0,,
NiFe,0,@PAA and NiFe,0,@CA MNP

Advantages of the Mdssbauer spectroscopy are in reliable
detection of phase composition, ion distribution over non-
equivalent position, magnetic structure, percentage of iron
compounds and hyperfine interactions in iron-containing
materials [2-6,17-20,28,33-37,42,44-46]. This is due to
the abilities of the Mossbauer spectroscopy to identify
unambiguously iron oxides, which is unattainable for other
methods.

Mossbauer spectra (MS) measured at room tem-
perature (300K) of NiFe;O4 MNP and functionalized
NiFe,O4@PAA and NiFe,04@CA MNP are shown in
Figure 2,a. Dots on the MS (Figure 3,a) indicate
experimental data. Effective magnetic field distribution
probability functions P(Hg) calculated from experimental
MS (Figure 2,a) are shown in Figure 2,b. MS of
NiFe,O4 macocrystals [26,44,45] differ considerably from
those shown in Figure 2,a. As the sizes decrease,
NiFe,04 MNP MS take a relaxation form (see, for exam-
ple, [28,29,42,45-48]), similar to MS shown in Figure 2, a.

An important property of magnetic nanoparticles that
is necessary for MPI is the superparamagnetic state that
occurs at small MNP sizes when heat energy overcomes the
particle anisotropy energy and the magnetization orientation
skips its direction from the orientation of one easy axis
to another [47], which complicates the analysis of MNP
MS considerably (Figure 2,a). Therefore, mathematical
processing of the experimental NiFe,O4 MNP MS also used
a complex procedure of fitting and recovery of P(Hg) from
MS using the program [38]. The P(Heg) recovery process
involves: (1) a set of sextuplets whose relaxation times ex-
ceed the Mossbauer experiment time window limit (1078 s),
and therefore reveal blocked particles, (2) quadrupole dou-
blets formed by paramagnetic particles whose relaxation
times are shorter than the Mossbauer measurement time
window (1078s), and (3) Zeeman sextuplets with wide
lines whose relaxation times are intermediate. Thus obtained
curves P(H) make it possible to find MS components and
make conclusions on whether these components refer to
the corresponding iron oxides and positions of Fe ions in
the lattice [2-6,17-20,33-37].

Physics of the Solid State, 2025, Vol. 67, No. 2
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Figure 2. (a) — Experimental Mossbauer spectra of NiFe;04, NiFe;O4@CA and NiFe;O4@PAA MNP at room temperature and their
model representations. Sextuplet denoted as Z indicates Fe particle ions in a magnetic-ordered state, R are Fe ions in superparamagnetic
particles, D Fe particle ions in the paramagnetic phase. (b) — Functions P(Hx) recovered from the experimental Mdssbauer spectra of
NiFe,04, NiFe;04@CA and NiFe,O4@PAA MNP using the program [38].

To obtain quantitative information about the values of
ultrafine interactions, the experimental NiFe,O4 MNP MS
(Figure 2,a) were processed using individual models for
each coating that differed in the number of partial sextuplets
and doublets. The accuracy of fitting the model spectra
to the experimental data is defined by the deviation of
experimental data from models (x2) which in our cases is
in the range from 1.1 to 1.2. Such values of x? indicate
a good coincidence between the models and experimental
data and, consequently, the reliability of such processing
of the obtained spectra.  Model spectra obtained by
the mathematical analysis of experimental spectra using
the program [38] are shown by solid lines. Using the
absorption line positions on the velocity scale, ultrafine
interaction (UFI) parameters were calculated, i.e. isomeric
shifts (IS), quadrupole splitting (QS), effective magnetic
fields (Hes) given in Table 2. The isomer shifts (IS) are
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shown with respect to the a-Fe metal foil. These tables also
show the component areas (In) indicating the number of Fe
ions in their respective positions.

MS reliably identifies spectral lines belonging to
Fe’* and Fe’* ions by their chemical shifts equal
to ~0.2-0.5mm/s for Fe’** and ~ 0.9—1.1mm/s
for Fe?* [48]. However, for the spinel ferrite MNP, the IS
values belonging to Fe ions in the high-spin state Fe3* are
usually within the range of 0.3—0.6 mm/s [36]. There are no
higher values of the chemical shifts (from 0.9 to 1.1 mm/s),
which belong to Fe ions in the low-spin state of Fe?*
As can be seen from Table 2, IS values are in the range
of 0.3—05mm/s. This means that in the studied MNP
(Figure 3,a), there are only iron ions in the high-spin
state of Fe>*.

Figure 2,a shows that uncoated NiFe,O4 MNP MS
consist of two sextuplets. Intensity of sextuplet (marked
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Table 2. UFI parameters for NiFe;O4, NiFe,O4@CA and NiFe;Os@PAA MNP determined from the Mdssbauer spectra: Zeeman

sextuplet (Z), superparamagnetic component (R) and paramagnetic doublet (D).

Line widths (Gi), isomer shifts (IS), quadrupole

splitting (QS), effective magnetic fields (Hcr) and component areas (In), calculated from the experimental MNP MS

Sample Comp G (mmy/s) IS (mm/s) Qs (mmy/s) Hew(T) In (%)
) VA 0.772 +0.259 0.298 £+ 0.048 0.084 £+ 0.099 46.21 +0.41 10
NiFe0x R 157540276 | 03410045 | 0.091+£0.074 | 41.09+0.82 90
Z 1.121 +£0.126 0.342 +0.023 0.045 4+ 0.048 45.04 +0.24 8
NiFe,Os@CA R 1.476 +0.162 0.294 + 0.020 0.028 +0.033 39.45+0.42 72
D 1.124 £+ 0.068 0.335£0.008 0.701 £0.021 — 18
R 1.891 £+ 0.685 0.116 £0.083 0.256 £0.145 40.42 +1.01 72
NiFe;0s@PAA
D 0.998 +0.161 0.292 +0.015 0.522 +0.050 - 28

with Z in Figure 2, a), according to the calculations, is 10%
of the total spectrum area (see Table 2), effective magnetic
field is equal to 46.21 + 0.41 T. Widths ofZ component lines
(0.772 £ 0.259 mm/s) are 3times as large as the natural
width of the Mossbauer line for Fe’’, which may be
explained by the contributions to the sextuplet made by
the Zeeman lines of Fe ions occupying octahedral and
tetrahedral ferrite-spinel sublattices. Intensity of compo-
nent (R) is much higher and is equal to 90% of the total
spectrum area (see Table 2), effective field 41.09 £+ 0.82T,
and considerably wide lines (1.575+0.276 mm/s). All
of this indicates the relaxation nature of (R). MS of
ferrite spinels are known to consist of two ZS belonging
to Fe ions that occupy two non-equivalent positions in the
spinel lattice [48]. Based on P(Heg) for NiFe,O4 MNP
(Figure 2, b), it is also safe to say that Z and R are related
to Fe ions located in two non-equivalent positions. However,
the width of sextuplet lines Z indicates a magnetic-ordered
state of some particles in the sample. Significantly wider
lines and shape of R indicate that this component has a
relaxation form and belongs to Fe ions located in particles
in the superparamagnetic state. Hence, it is suggested
that conglomerates of two types of particles are formed in
the NiFe;O4 MNP sample: 1 — coarser magnetic-ordered
MNP, 2 — finer particles displaying superparamagnetic
properties.

Acid coating of NiFe,O4 MNP, as shown in Figure 2, a,
leads to significant alterations of the MS shape. Thus,
coating of NiFe;O4 MNP with citric acid (CA) leads to
a slight intensity reduction of lines and effective magnetic
fields of sextuplet Z. Intensity of R lines also decreases
and doublet lines appear indicating that paramagnetic phase
particles are present in the sample.

On the MS of NiFe,O4 MNP coated with polyacrylic acid
(PAA), intensity of R lines remain unchanged, but the lines
became wider. There is no Zeeman component Z, and the
intensity of the paramagnetic doublet D has grown.

Magnetization, emu/g

—50F ] 1 ] 1 1 ] 1 ] ]
-20 -10 0 10 20
Magnetic field, kOe
Figure 3. MNP saturation magnetization dependences

(a) — NiFe;04, (b) — NiFe;O4@CA and (c) — NiFe,O4s@PAA.

Variations of P(H.x) (Figure 3,5) calculated from the
experimental MS of NiFe,O4 MNP (Figure 2, a) support the
conclusions based on the MS transformation (Figure 3,a).

Variation of the MNP MS shape depending on the type
of coating may be explained as follows. In case of uncoated
NiFe,O4 MNP, particles are interconnected through strong
interactions, thus, forming agglomerates with properties of
coarse, medium and fine particles. Citric acid coating
of nanoparticles leads to a destruction of agglomerates,
formation of particles that don’t interact with each other
due to CA surface layer and display their real properties of
superparamagnetic particles.

Molecular weight and density of polyacrylic acid (PAA)
is higher than those of citric acid, moreover, PAA forms
firm complexes with transition metal ions. Therefore, PAA
coating leads to more considerable, compared with CA,
destruction of agglomerates in NiFe,O4 MNP and formation
of more NiFe,O4 particles separated by PAA coating, as
a consequence, the increasing number of NiFe,Os@PAA

Physics of the Solid State, 2025, Vol. 67, No. 2
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MNP display superparamagnetic and paramagnetic proper-
ties.

The mean blocking temperature (Tg) in the Mossbauer
experiments is defined as a temperature at which: 1 —
a half of magnetic moments of all Fe atoms are fixed in
space within the measurement time scale, and 2 — the
other half of moments fluctuate giving a pure zero value of
the effective field.

MS for state (1) consists of the Zeeman sextuplets
(blocked behavior), and state (2) is observed on MS in
the form of paramagnetic doublet or singlet line (unblocked
behavior) [49,50]. On the MS of NiFe;O4 MNP (Figu-
re 2,a), doublets indicating the particle paramagnetism are
not observed. When NiFe,O4 MNP are coated with citric
acid (CA), doublet lines occur on MS, whose areas are
much smaller than ZS areas, indicating that the blocking
temperature of these particles is higher than 300 K. In case
of PAA coated NiFe;O4 MNP, doublet line intensities grew
much higher, indicating that blocking temperature of these
particles approached 300 K. Application of the coating leads
to reduction of the blocking temperature, which agrees with
the conclusions in [51].

Both NiFe,O4 MNP and SiO, coated MNP are core-shell
particles as specified in [33]. The magnetic-ordered core
is surrounded by a thin surface layer or shell, magnetic
moments in which are unordered or beveled with respect
to the moment orientation in the particle core. Such
shell is formed due to lower, than in the particle core,
superexchange interactions of Fe ions located in the surface
layer [2-0].

3.3. Findings of the magnetic property
investigations

Magnetization variations depending on the magnetic field
(M—H) of NiFe;04@CA and NiFe,O4@PAA samples
obtained in the external magnetic field range from —50kOe
to +500e are shown in Figure 3. Figure 3 shows that
dependences of magnetization on magnetic field at room
temperature are nonlinear both for NiFe,Os MNP and
CA/PAA coated MNP. Saturation magnetizations (Ms),
residual magnetizations (M) and coercive forces (Hc)
measured at room temperature (300K) are shown in
Table 3, where it can be seen that the type of material
affects considerably the magnetic properties of NiFe,O4
MNP. Saturation magnetization (Ms) equal to 47 emu/g for
NiFe,04 (Table 1) decreases to 10.1 emu/g with increasing
density of coating material for NiFe,O4@PAA. The residual
magnetizations (M) of the samples are negligible, and the
coercivity (H¢) varies from 9Oe to 19Oe. This indicates
the homogeneity of the studied superparamagnetic phase
particles.

Relation of the residual magnetization (M;) and satura-
tion magnetization (Ms) defines the hysteresis loop rectan-
gularity (HLR). In accordance with the Stoner—Wohlfarth
theory for single-domain structures with uniaxial and cu-
bic anisotropy, theoretical HLR limits are equal to 0.50

9 Physics of the Solid State, 2025, Vol. 67, No. 2

Table 3. Magnetic properties of NiFe,O4 MNP at 300K for
various coatings

Samole Ms M, He SQR

P (emu/g) | (emuw/g) | (Oe) | (Mr/Ms)
NiFe;04 47 0.75 93 | 00161
NiFe0,@CA | 264 024 | 123 | 00098
NiFe;0:@PAA | 101 0.11 | 190 | 00206

and 0.83 [1]. The obtained HLR values (Table 3) correspond
to the superparamagnetic state of the studied particles.
HLR values are lower than 0.5 (Table 3), which may
be associated with the disordering effects or canting of
magnetic spin structures in the MNP surface layer.

4. Evaluation of MNP sizes according to
the Mdssbauer spectroscopy data

Sizes of the studied MNP may be evaluated through
comparison of the results with the published Mossbauer
data for NiFe,O4 particles. The Mossbauer spectroscopy
data obtained for NiFe,O4 particles with different sizes
indicate that the MS of 10—12nm particles against the ZS
background has a quadrupole doublet, and with an increase
in particle size, the intensity of the ZS lines increases. Thus,
in [26,28,40-42,44-54], M0ossbauer examination results are
shown both for uncoated and coated NiFe,O4 MNP with
sizes from 3 nm to 98 nm. MS of NiFe,O4 MNP with sizes
from 3nm to 10nm obtained in [28] are similar to those
shown in Figure 3, a.

Analysis of the obtained experimental MS and compar-
ison with MS available in the literature suggests that the
sizes of the synthesized MNP are in the order of 9—12 nm,
which agrees with the XRD data.

5. Conclusion

Magnetic NiFe,O4 nanoparticles were synthesized by
the hydrothermal technique and then functionalized with
polyacrylic acid (PAA) or citric acid (CA). Comprehensive
studies of the properties of the synthesized NiFe,O4 MNP
and of the effect of acid functionalization of the particles
were conducted using XRD, magnetic and Mossbauer
measurements. X-ray diffraction patterns and Mossbauer
spectra showed that the synthesized MNP were single-
phase and free from foreign impurities. The magnetic
measurement data has shown that the studied MNP are in
the superparamagnetic state, which was directly confirmed
by the Mossbauer measurements. Coating of MNP reduces
the blocking temperature (TB), with TB of PAA-coated
MNP lower than that of CA-coated MNP. This is explained
by the fact that the density and molecular weight of PAA
is higher than that of CA leading to higher isolation of
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between the particles, decrease in the particle agglomeration
and removal of particle interaction.

Thus, the use of NiFe;O4 MNP demonstrates that
modification and surface functionalization of particles and
creation of new multifunctional biocompatible materials
are possible for miscellaneous biomedical applications, in
particular, drug delivery and magnetic hyperthermia. The
synthesized NiFe,O4 MNP are superparamagnetic at room
temperature, which is the key requirement for particles used
for magnetic particle imaging, an advanced human disease
diagnosis technique.
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